Abstract An increase in the use of composite materials, owing to improved design and fabrication processes, has led to cost reductions in many industries. Resistance to corrosion, high specific strength, and stiffness are just a few of their many attractive properties. However, damage tolerance remains a major concern in the implementation of composites and uncertainty regarding component lifetimes can lead to over-design and under-use of such materials. A combination of non-destructive evaluation (NDE) and structural health monitoring (SHM) have shown promise in improving confidence by enabling data collection in-situ and in real time. In this work, infrared thermography (IRT) is employed for NDE of tubular composite specimens before and after impact. Four samples are impacted with energies of 5 J, 7.5 J, and 10 J by an un-instrumented falling weight set-up. Acoustic emissions (AE) are monitored using bonded piezoelectric sensors during one of the four impact tests. IRT data is used to generate diffusivity and thermal depth mappings of each sample using the thermographic signal reconstruction (TSR) red green blue (RGB) projection technique. Analysis of AE data alone for a 10 J impact suggest significant damage to the fibres and matrix; this is in good agreement with the generated thermal depth mappings for each sample, which indicate damage through multiple fibre layers. IRT and AE data are correlated and validated by optical micrographs taken along the cross section of damage.
Introduction
Fibre reinforced polymer composite materials have become attractive for use in structural applications since they can provide advantages over traditional materials. Composites are more corrosion resistant than their metallic counterparts and provide high strength while delivering weight reductions. However, manufacturing costs, production rates and confidence regarding damage tolerance represent a significant challenge. The relative inexperience designing with composites means that industries are reliant on models and predictions regarding the response of these materials in service and how damage affects component lifetimes. This inexperience can often translate into conservative actions, leading to overdesigning and premature replacements of parts, which greatly affects the cost saving capability of a moving to composites.
Non-destructive evaluation (NDE) techniques are often adopted for periodic inspection of composite structures while they are in service. Inspection of structures in this way can reduce the life cycle cost of a component by preventing premature replacements, while also improving safety and reducing the likelihood of catastrophic failure. Common methods of NDE include the use of x-rays, ultrasonic waves [1] , eddy currents [2] , shearography [3] [4] [5] , and infrared thermography [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Though non-destructive techniques (NDT) offer an insight into the performance of composite materials and the environments in which they operate, their implementation can represent significant down-time and labour costs. The use of structural health monitoring (SHM) systems has sparked interest in recent years as they can be integrated directly into a composite structure during manufacture [18, 19] . Sensors and embedded networks can be used to monitor various parameters such as local stress, strain, temperature, impact, delamination, and crack propagation in-situ and in real time [19] [20] [21] [22] [23] [24] . Where the use of SHM and NDE are combined, it becomes possible to carry out Bfocused^inspections using non-destructive techniques, saving both time and money. This paper presents an experimental study in the combination of real-time and in-situ health monitoring with non-destructive evaluation of tubular composite materials subjected to impact damage. Subsurface damage and delaminations, if not detected and monitored, can lead to catastrophic failure of the composite. In this work, the specimen is evaluated before and after impacting with a projectile, using active infrared thermography. During impact, bonded piezoelectric sensors record acoustic emission events. The combination of these methods and analyses of the data provide an insight into the specific damage types caused by impact.
Infrared Thermography & Thermal Diffusivity Mapping
Infrared thermography (IRT) is a non-contact, non-invasive technique used to obtain a 2D image of the heat distribution across the surface of an object. IRT enables large areas of a material to be Bscanned^relatively quickly (in the order of seconds), without causing any damage to components. The apparatus is more versatile than the alternatives and thus IRT can provide significant savings in time, labour and machinery compared to more traditional NDE techniques.
Active IRT is preferred for quick inspection of composite materials. Contrary to passive IRT, where the features of interest naturally present a thermal contrast, this approach requires an external source of energy to induce a relative thermal contrast. Examples of energy sources include optical flash lamps, heat lamps, hot/cold air guns, etc. Active IRT can be used in several modes: pulsed thermography, long pulsed heating/step heating transient thermography, optical lock-in thermography, and ultrasound lock-in thermography. In the analysis of large composite structures, such as aircraft, heat pulse thermography presents many advantages [13, 25] . The presence of a defect in a composite causes a discontinuity in the material. This causes the thermal resistance of the material in this region to increase, which induces a temperature difference between defective and non-defective regions, thus enabling the technique to be used for inspections during manufacture and in service.
Optical flash thermography has emerged as one of the most widely implemented techniques in the US since it is faster than the alternatives and facilitates quantitative measurement of thickness, depth and thermal diffusivity [26] . There are two modes by which heat pulse IRT can be used: transmission and reflection. The former of these tends to produce more accurate results, but requires access to both sides of the specimen which is often impractical, particularly for tubular structures. The application of active IRT for the analysis of tubular composites has been documented [27] however it is not possible to examine extended depths of a material (in the order of mm), while environmental conditions may also affect the accuracy of the technique.
In reflective IRT, recording the cooling phase after thermal excitation by a flash heat pulse enables the detection of defects in composite materials. The value of thermal diffusivity in defective and non-defective regions of the sample varies, so analysis of each pixel in the thermal image allows a thermal diffusivity mapping to be plotted for the sample, whereby a coloured scale highlights defective or damaged regions. The thermal diffusivity, ∝, is calculated from t * by plotting log(T(t, 0) − T 0 ) against log(t), where T is the temperature at time t [8, 28] . This is shown in Fig. 1 .
The thermal diffusivity of each pixel in the thermal image is calculated as:
where ∝ is the diffusivity (m 2 /s), L is the thickness of the sample (m), and t * is the time at the intersection of the two tangents (s). Fitting of the data to reduce the noise content improves the detection of defects. The data fitting is done by a log-log polynomial equation [8, 28] :
where T is the temperature, and t is the time (s). This polynomial fitting is applied to each pixel of the thermal image, and the intersection of the two tangents allows the value of t * , and consequently the thermal diffusivity, to be obtained. A colour mapping of the thermal diffusivity of each pixel in the image allows the defective regions to be highlighted against the sound parts of the material.
TSR Polynomial Fitting and RGB Projection Technique
The thermographic signal reconstruction in red, green and blue was first proposed by Roche and Balageas [29] as an approach for the inspection of composite materials and structures to evaluate the extent of real-life damage such as manufacturing and impact-induced defects. TSR, when applied to pulse thermography, allows the emphasis of thermal contrasts generated by defects inside the inspected material. It is possible to build a unique composite image by an RGB projection, whereby the colours of the image are linked directly to the variations in depth of different defects of the material. The proposed method uses the following TSR polynomial fitting of thermal data for obtaining the RGB coefficient images:
where T is the temperature, t is the time (s), and n = 7. The result of this fitting provides n + 1 coefficient images. The size of each coefficient image is the same as that of the raw data. The eight coefficient images produced by the fitting are studied to select the Bbest^three based on the detectability of defects. This trio of images is used to produce a TSR-coefficient RGBcomposite image. This process relies primarily on arbitrary eye-sensitivity criteria. The depth of defects can then be estimated by:
where z is the depth of the defect, L is the thickness of the sample, t d and t l are the emerging times of the defect rear face, respectively, as shown in Fig. 2 . Once the depths have been estimated, it is possible to assign a scale to the RGB-composite image, resulting in a Bthermal D scan^. For more information about the process of obtaining the thermal depth mapping by the TSR-RGB projection technique, the reader is referred to [29, 30] .
Acoustic Emission Monitoring
A rapid release of energy in a material caused by microstructural damage such as a matrix crack causes a transient elastic wave to be generated; this is known as an acoustic emission (AE). The high pitched ultrasonic waves propagate through the structure, being scattered and reflected by discontinuities in the materials. Piezoelectric wafer active sensors (PWAS) can be embedded in or bonded to the surface of composite materials as receivers of these waves. A network of three or more sensors can be used to determine the location of the damage source and estimate the severity and type of damage. The use of AE monitoring for detection of early damage in composite materials is well established [35] . Forty years of research have led to the agreement that there are four main damage mechanisms identifiable in composite materials by their acoustic emission Bsignature^ [36, 37] : (i) matrix cracking, (ii) interfacial debonding, (iii) fibrematrix friction/fibre pull-out, and (iv) fibre breakage. Researchers have used many different methods to distinguish these damage mechanisms during mechanical testing including, but not limited to, classification of acoustic signature [20, [37] [38] [39] , amplitude and frequency distribution analysis [20, , and analysis of different features of the waveform [37, 44] . Figure 3 shows a typical AE signal and the parameters that are commonly used for analysis of AE-generating damage events. Typical waveforms have also been associated with different damage modes based on the signal geometry: A-type signals (slow increase times around 10-20 μs) are associated with matrix cracking, Btype (sharp rising, lasting for around 10 μs and abruptly decreasing) associated with fibre/matrix debonding, C-type signals associated with fibre breakage, and D-type (long rising times, high amplitudes, and long duration) are associated with delamination [37] . Tables 1 and 2 show a compilation of the amplitude and frequency distributions used to classify different damage mechanisms that have been encountered in the literature. These studies clearly demonstrate the difficulty of identifying damage modes in composite materials, though there is a clear trend that shows an increase in both amplitude and frequency, as the type of damage becomes more severe. The waveforms obtained can be dependent on many parameters including, but not limited to: the choice of sensors, method of coupling/bonding between the sensors and host structure, structural materials used, number of sensors, size of the specimen, arrangement and spacing of sensors, etc.
Much of the research reported is based on 2D and 3D composite laminates rather than cylindrical structures. A small number of investigations are reported for AE monitoring of glass fibre tubular composites [58] [59] [60] and composite pressure vessels [61] , however the specific AE waveform data has not always been made available.
The use of a monitoring technique like AE can enable more focused inspections of structures in industries such as aerospace, where inspection time results in physical down-time. More detailed information about the service environment and in-situ structural data can prompt in-depth investigations to analyse the areas of stress concentrations. This type of data can feed back into optimising the design process as well as for accurate modelling of components. AE and IRT have been found to be complementary when combined [10, 16] although reported instances of this are limited. Spatial detection of defects by AE monitoring represents a significant advantage, while IRT can be used to verify and analyse the size and severity of damage. Targeted inspections can be carried out as and when required, and save time since the whole structure need not be evaluated.
Guided Wave Propagation in Tubular Composites
Ultrasonic guided wave based SHM is one of the most prominent options for inspection and monitoring of composite materials. It is necessary to understand the characteristics and modes of wave propagation through the material and the interaction of these waves with defects and damage in the structure.
In solid hollow cylinders, three primary wave modes can propagate: (i) longitudinal modes which propagate along the axial direction by compressional motion, (ii) torsional modes which propagate along the axial direction by shear motion parallel to the circumferential direction, and (iii) flexural modes which propagates along the axis by flexural motion in the radial direction. The longitudinal and torsional modes in a cylinder are axisymmetric and can be considered as equivalent to Lamb waves and SH waves in plate structures, respectively [31] [32] [33] . The flexural mode is non-axisymmetric and is considered the true specific mode for cylindrical structures [34] .
Guided waves can propagate over long distances without significant loss of energy, which makes them well suited for the inspection of large structures such as bridges, aircraft, ships, missiles, pressure vessels, pipelines, etc. It is important to study the propagation of waves for the purpose of acoustic emission in tubular composites to be able to understand the difficulties when analysing waves for quantification of structural damage and defects. 
Materials
Two hollow composite cylinders manufactured from a hybrid of unidirectional pre-preg carbon fibres (Toray T700) oriented in the axial direction (0°) and unidirectional pre-preg E-glass fibres oriented in the circumferential direction (90°) were used (supplied by Easy Composites Ltd). The lay-up order of fibres is [0, 90, 0, 90, 0]. The geometry and mechanical properties of the tubes are shown in Table 3 and calculated dispersion curves for the 1st, 2nd and 3rd longitudinal modes are shown in Fig. 4 .
The tubes were cut into sections for each impact experiment as shown in Table 4 . Sample 4 is instrumented with eight PWAS (StemInc SM412, 7 mm diameter, 0.2 mm thickness) for AE monitoring during impact of the specimen. The surface of the tube was prepared for optimisation of IR imaging by abrasion of the surface with a scourer pad. The surface of Sample 4 was also coated with a matt black acrylic paint to further optimise the surface for imaging. 
Impact Set-up
The experimental set-up for impacting the tube is shown in Fig. 5 . The support design is inspired by ASTM Standard G14-04 [62] . The tube is held to the support by elasticated straps to prevent vibration when impacted. The tube was impacted with an un-instrumented hemispherical striker with a mass of 510.61 g. The starting height of the projectile was adjusted to achieve a variation in impact energy. During the impact of Sample 4, the adhesively bonded PWAS receive AE signals which are recorded by the software 'AEWin' from Mistras with a sampling rate of 10 MHz and 20 dB of pre-amplification per sensor. Four PWAS were damaged prior to impact, so just four sensors were used to record AE data. The digital filter is set to 100 kHz-1 MHz and the acquisition threshold is set to 55 dB to eliminate extraneous noise in the acoustic range during the experiment.
IR Thermography Set-up
The composite tube is scanned using an infrared camera (Thermosensorik InSb 640SM) before and after each impact. Two thermal flash lamps (HENSEL Studiotechnik powered by HENSEL Tria 6000S) deliver a combined pulse of approximately 6 kJ over a duration of 10.6 ms during each flash, during which the IR camera records an array of 640 × 200 pixels for each image of the sample. Figure 6 shows the set-up for imaging of each sample before and after impact. Since the sample is tubular, in order to obtain thermal images from which a diffusivity mapping can be plotted, it is necessary to rotate the tube and take an image of each face. In this paper, the circumference of the tube was divided into twelve faces. Twelve images were taken of each sample and stitched together so that the final mapping is done on an Bopen cylinder^. This process is illustrated in Fig. 7 . The raw data captured by the infrared camera was used for analysis by all three thermal techniques utilised in this work: diffusivity mapping, TSR-RGB projection, and defect depth mapping.
Thermal analysis of the samples relies on a number of assumptions about the sample: (i) the front face of the specimen is uniformly heated by the flash pulse, (ii) the specimen thickness is uniform, and (iii) the specimen is opaque to the pulse of light and thermal radiation.
Results and Discussion

Tested Specimens
The photographs of samples 2 and 4 after impact are shown in Fig. 8 . It is clear for both samples that the impact has caused some damage on the surface, resulting in the splitting of axially oriented carbon fibres (matrix cracking). There is some evidence of the formation of circumferential cracks on impact as well, however without further investigation, it is almost impossible to gauge the full extent of the damage caused to either sample. The surface cracks observed on Samples 1 and 3 were also of a similar nature. The length of the axial crack on Sample 4 suggests that the actual impact may not have been as high as 10 J, since the impacts on Samples 1 and 2 (10 J and 7.5 J impacts, respectively) result in longer axial cracks, and the impact on Sample 3 (5 J impact) is visually similar to Sample 4. It is possible that the projectile did not impact the top of the cylinder's circumference, thus causing the damage to propagate differently. It is also important to keep in mind that out-of-plane damage to composite materials can often cause severe damage to the structure internally, though it may not be visible by eye. 
Infrared Thermography and Thermal Diffusivity Mapping
The diffusivity mapping was obtained for each sample by calculation of the diffusivity of each individual pixel in the raw image. This is done by calculation of t* which requires the fitting of two tangents. A minimum correlation coefficient of 0.99 is used to fit the tangent to the curve. Figure 9 shows the thermal diffusivity mapping of Sample 1 before and after impact.
The mean diffusivity (α) before impact is 3.90 × 10 −7 m 2 /s. The coloured scale indicates the value of thermal diffusivity for each pixel in the image. The noise visible in the mapping is attributed to the reflection of light from the surface of the tube; since all of the incident energy is not absorbed by the material, the remainder is reflected back towards the IR camera and results in a higher value of thermal diffusivity. The impact is located 140 mm along the length and 160°around the circumference of the tube. This analysis is relative, since the thermal diffusivity of the sample is affected by many parameters including the surface preparation, thickness, coatings, etc.
Moving the IR camera closer to the sample during imaging allows a higher resolution diffusivity mapping of the defect to be obtained, as shown in Fig. 10 . Measurement of the width of each sample here allows for comparison between each of the defects. Table 5 shows the approximate width of the damage caused to each of the samples following impact. It should be noted here that although the thermal contrast is high for the damage on Sample 4, closer inspection reveals a lower thermal contrast between 10 and 70 mm (Fig. 8d) , suggesting the damage may span 60 mm across the tube.
The geometry of the damage area as the impact energy is increased shows a trend, despite the difference in the relative size of damage on each Sample. Due to the layup of fibre plies in this tube -[0, 90, 0, 90, 0] -even the lowest impact energy causes axial damage, which occurs as cracks form in the matrix between axial (0°) carbon fibres. It does not take a large force to separate these fibres. However, as the impact load is increased, the damage area spreads further around the circumference of the material, indicating the fracture of circumferential (90°) glass fibres and further matrix cracking, possibly leading to delamination. The diffusivity mapping of Sample 4 confirms the previous hypothesis that the projectile may have struck the tube slightly to one side of the top of the circumference. This could explain the difference in contrast between the longitudinal and transverse damage visible.
RGB Projection
The RGB-composite images obtained for the fours samples are shown in Fig. 11 . Each image is obtained by the projection of three coefficient images -red, green, and blue -as shown in Table 6 . A minimum correlation coefficient of 0.99 was used for the fitting of the data required to obtain the coefficient images (Eq. 3) [29] . The RGB-composite images for samples 1 and 4 suggest the presence of transverse cracking close to the impact location. It appears at this stage that the colour contrast in the image for Sample 2 is not as high as for the other three samples. Since the thermal depth mapping is calculated from the RGB-composite images, it is possible that this could be affected (Fig. 12) . 
Thermal Depth Mapping
The depth of the damage in each of the samples is calculated from each RGBcomposite image using Eq. 4. The coordinates of a reference point in the nondefective region must be provided by the user to generate the thermal depth mapping. The value of t l was manually defined as 3.162 s. Analysis of the depth mapping data reveals that the 10 J impact on Sample 4 has resulted in deeper damage when compared with Sample 1, although the diffusivity mapping had previously suggested a significantly smaller damage area. This demonstrates clearly the advantage of mapping both the diffusivity and the using RGB-coefficient images to map the depth of defects. The noise observed in the depth mapping of Sample 2 is attributed to a combination of factors, namely the reflection of light from the surface of the tube (which also affected the clarity of the thermal diffusivity mapping) and the lower contrast observed in the chosen RGBcomposite image for this specimen relative to the other three images. As mentioned previously, it may be possible to apply surface treatments/coatings to improve the clarity of the mapping obtained, by reducing the amount light reflected from the surface. Figure 13 shows a typical AE waveform received immediately after impact; this waveform is from Sensor 1. There are two primary guided wave modes observed, with a dominant L(0,2) mode. Figure 14 shows the continuous wavelet transform (CWT) magnitude as a function of Separation of each signal into the L(0,1) and L(0,2) components allowed the peak frequency of each mode to be revealed. The two FFT for Sensor 1 are shown in Fig. 15 . The signals received by all of the sensors were of a similar nature; the maximum amplitude and peak frequency of each signal are stated in Table 7 .
Acoustic Emission Monitoring
The amplitude and frequency distributions both indicate fibre breakage within the specimen, falling in line with values reported in the literature for composites, however it is difficult to determine which of the modes indicates specific types of damage in the material. Since there were four sensors bonded to the specimen, and the wave group velocity is known from the dispersion curves (Fig. 4) , it was also possible to estimate the location of the impact using only the received AE signals. This was in agreement with the known impact location (Fig. 16 ). Figures 17 and 18 show the cross-sections of the damage resulting from the 10 J and 5 J impacts on Samples 1 and 3, respectively. In both cases the tube was cut into smaller lengths to be able to examine the progression of the damage through-the-thickness and along-the-length. Figure 16 is a schematic describing the naming convention used for the micrographs. The difference between the two impacts is clearly demonstrated by the damage in each specimen. In both cases there is a transverse matrix crack close to the surface of the material. In Sample 1, this develops into a delamination between the axial carbon fibre and circumferential glass fibre plies which are clearly distinguishable in the images. There is some glass fibre breakage visible in both samples, through both glass fibre plies in the case of Sample 1. Figure 19 clearly shows the delamination between the second carbon and glass fibre plies due to the 10 J impact on Sample 1. At the centre of the impact (Fig. 17-3L ) the delamination stretches approximately 12 mm around the circumference of the tube, and is connected to both the inner and outer surfaces by transverse matrix cracks between the carbon fibres, and breakages in the circumferentially oriented glass fibres. The outer transverse crack has been identified using the thermal mapping, however the inner crack was not visible by this method due to it being in the Bshadow^of the crack on the outer surface. A similar phenomenon is observed in the cross-section of Sample 2 (Fig. 20) where the transverse cracks connect in the middle. The delamination is not as obvious in this sample, however it is visible. These micrographs present a strong case for linking the energy of the impact to the extent and type of damage observed. The micrograph of the cross-section of Sample 4 ( Fig. 21) confirms again the possibility that the impact did not strike the tube at the top of its circumference, thus more severe damage is observed around the circumference of the tube. The separation between plies is clearly visible, as with Sample 1. Table 8 summarises the damage modes and some quantitative data lifted from the thermal diffusivity and depth mappings, and optical micrographs. The area of damaged was measured by analysis of the thermal diffusivity and depth mappings using the colour threshold function in Image J [64, 65] . It is clear that there is some discrepancy between the data obtained from each of the techniques used. There are some points worth noting with regards to this, particularly when comparing the area of damage obtained from the thermal diffusivity and depth mapping. The surface of the impact on Sample 4 was coated in a matt black acrylic paint to reduce the reflection of light when imaging. Samples 2-4 follow a trend in that the estimated area of damage is higher when taken from the thermal diffusivity mapping; this may be due to the variation in the fitting used in each process (Eqs. 2 and 3). The estimation of damage area does not follow this trend for Sample 1, where it is possible that the regions of high thermal diffusivity in the diffusivity mapping may have contributed to a lower estimation. A comparison of the damage types identified from the micrographs suggests that, for this specimen, there is a threshold between 7.5-10 J which results in the severe delamination, while below this impact energy, only matrix cracking and glass fibre breakage occur. 
Microscopy of Fracture Cross-Sections
Concluding Remarks
The work presented in this paper clearly demonstrates the benefit of the combination of NDT and SHM for improving the confidence and reliability of using composite materials. The use of composites is on the rise. In many industries certification represents a major challenge, especially aerospace and nuclear. The monitoring of structures in-situ and in real time provides an insight into the true challenges of the environment, while information about in-service damage can improve modelling and simulation of specific systems.
Acoustic emission monitoring has been shown to detect and locate damage in composites, though a more thorough investigation regarding analysis of signals is required to be able to distinguish different damage modes. This is especially the case with impact damage, as a single waveform can often comprise multiple wave modes which may result from different mechanisms. Careful thresholding of the recorded signals to eliminate external noise can ensure that damage events are detected and monitored, with their severity and locations recorded. Development of pattern recognition algorithms has also shown promise in the discrimination of physical mechanisms [16] .
Active infrared thermography, heat pulse in particular, has already begun to replace traditional ultrasonic inspection of aerospace components [27] since it is an inherently fast, safe, non-contact, versatile technique. The results presented here show clearly the ability to detect impact damage in composite materials, and to be able to predict approximately the extent of damage. IRT represents a useful tool in both the manufacturing and in-service phases of a component, to detect manufacturing defects and in-service damage events, respectively. Surface coatings that reduce the reflection from the surface may be particularly useful for improving the thermal contrast of defects, though this could present a challenge for assessment of large structures. For in-situ inspection it may be necessary to resolve some of the assumptions mentioned in section 2, such as the exact thickness and architecture of the specimen for optimisation of the mappings obtained. A critical limitation of IRT is the interrogation depth through the thickness of a specimen. As shown in this work, it is possible for shallow subsurface cracks to mask the damage that lies beneath. Continuous monitoring by a technique such as AE may divulge more accurate data which can prompt more thorough inspections. Validation through optical microscopy can be a useful tool in optimising further the thermal imaging process to ensure the accurate prediction of the depth of damage.
